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Abstract : Thyroid function is mainly regulated through cAMP and phophatidylinositol, and
it is well known that TSH-stimulated thyroxine (T,) release is inhibited by catecholamine from
mouse thyroids via the a,-adrenoceptor stimulation. Previous study has established that the
inhibition of T, release by a;-adrenoceptor stimulation results in activated protein kinase C (PKC).
The purpose of this study was to determine if ion transport systems are involved in the inhibition
of T, release elicited by a,-adrenergic agonist in mouse thyroids.

TSH-, IBMX- and cAMP analogue-stimulated T, release were significantly inhibited by
methoxamine, R59022 (diacylglycerol kinase inhibitor), and MDL (adenylate cyclase inhibitor).
TSH-stimulated T, release could be inhibited by Bay K 8644 and cyclopiazoic acid, but not by
verapamil and tetrodotoxin. The addition of nifedipine (Ca™ channel blocker), tetrodotoxin and
lidocaine (Na' channel blockers), but not amiloride (EIPA) and ryanodine, completely blocked
the inhibitory effects of methoxamine on T, release. TSH-stimulated T, release was also inhibited
by benzamil (Na'-Ca™ exchange inhibitor). TSH-, IBMX- and cAMP-stimulated T, release were
inhibited by methoxamine or R59022, these effects were reversed by nifedipine. but not by
verapamil. Furthermore, nifedipine reversed the inhibitory effects of benzamil and R59022 on
TSH-stimulated T, release.

These data suggest that the observed ¢;-adrenoceptor-mediated inhibition of T, release in
mouse thyroids is the result of an increase in intracellular Na* or Ca™ effected via activation of

fast Na* or nifedipine-sensitive Ca’* channels, and that Na'-Ca” exchange may play an important
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role in reducing thyroid hormone by increasing intracellular Ca®.

Key words : a;-adrenoceptor, methoxamine, thyroxine, nifedipine, Na'-Ca®™ exchange.
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Fig 1. Effects of TSH, IBMX, Cl-cAMP, MDL, methoxamine
(Mx) and R39022 on thyroxine (T,) release from isolated
mouse thyroids. Mx (10°M), R59022 (10*M) were added in
the buffer at the time indicated by the first arrow. After 1hr of
incubation, thyroids were stimulated by adding TSH (100pU/
ml), IBMX (6x 10“M) and cAMP(10°M), each second arrow).
Samples were collected every 1hr. Each point represents mean
+S.E. by joining data files from separate experiments (TSH,
n=6; TSH+Mx, n=6; TSH+R59022, n=4; IBMX+Mx,
n=4; cAMP+Mx, N=4; TSH-+MDL, n=35), each con-
taining four thyroid preparations, i.e. thyroid with larynx and
trachea.
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Fig 2. Effect of Mx, R59022, EIPA (10°M) and Ryano
(ryanodine, 3 10°M) on the TSH-stimulated T, release from
isolated mouse thyroids. Other experimental conditions were
similar to those described in Fig 1. Each point represents
mean+S.E. by joining data files from separate experiments
(TSH+EIPA, n=5; TSH+EIPA+R59022, n=5; TSH+
EIPA+Mx, n=4; TSH, n=6; TSH+Mx, n=4; TSH+
Ryano-+Mx, n=5; TSH+Ryano+R59022, n=5).
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Fig 3. Effects of TTX (10°M), Vera (verapamil, 10°M), Bay
(Bay K 8644, 3x10°M) and Cyclo (cyclopiazoic acid, 3% 10"
M) on the TSH-stimulated T, release from isolated mouse thy-
roids. Other experimental conditions were similar to those des-
cribed in Fig 1. Each point represents mean=+S.E. by joining
data files from separate experiments (TSH+TTX, n=4 TSH
+Vera, n=4 TSH+ +Bay, N=4 TSH+Cyclo, n=4 TSH
+Lido+Mx, n=5 TSH+TTX+Mx, n=4 TSH+Mx, n=06).
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Fig 4. Reversal of R59022 or Mx inhibition of TSH-, cAMP-
and IBMX (6% 10*M)-induced T, release by Nife (nifedipine,
10°M). Other experimental conditions were similar to those
described in Fig 1. Each point represents mean+S.E. by join-
ing data files from separate experiments(n = 5).
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Fig 5. Inhibition of TSH-, IBMX-, cAMP- and Fors (forskolin,
3% 10*M)-stimulated T, release by Ben (benzamil, 5X 10°M).
Reversal of Ben inhibition of TSH-stimulated T, release by
Nife(10*M). Other experimental conditions were similar to
those described in Fig 1. Each point represents mean=+S.E.
by joining data files from separate experiments (TSH-+Ben+
Nife, n=4; TSH+Ben, N=4; Fors+Ben, n=4; cAMP+
Ben, n=3, IBMX+Ben, n=5).

U

AR 2R e 13H o TSHo 93 ade-
nylate cyclase 84382 cAMPo] o3 dojuyn] X
Wele Ca* WEo] JdME T28 Bust 249 &
QT &, TSHE Pl 7k 28§ £0A A IP,sh DAGE
FAUA 7 45 DAG 302 AT PKCIF EAsH e
2H Ca*g F/HAN Y. B TSH 9% Ca™ 3717
ZE A8 deiA lAle AT Pl 7k
A EZY Ca*ol F7HH e ol AXY Ca HF
2RE FAE ALE Hol I F7he 9¢ ARE
Zam A&EHA G Frte Axgdoz iy &
YA eE B’

Catecholamine- adenylate cyclaseZ 9 A&} TSHel
4 cAMP 3748 ARG FRAADY ot peadre-
noceptorE ZA-§-319] cAMPE Z 71 A7)+ 4hd o;-adreno-
ceptorZ Agate] AN ATY Ca* g FIHAZIT L
B Eg o E cholinergic T+ adrenergic 58 A
A3 274§ Gl G 0L A szl F
88 AATEN P, F7te] & Aio|n, o)d] W&

P Z7}= cAMP 5 £ & 7L)~‘““ AA PHAE o 7H4
j 528 HuE oA "8l1 a,-adrenergic oFE o] A A
Ho2 g FEA TSHY 9§ cAMPE 24T
o 9o a8} e-adrenergic 2 cholinergic 444
Aol o3 44 E2E By AA7F cAMP &9
T 5usqutE dA B Ao o]d ¢
A AZYR AF 538 F 3lE 8-ClceAMPY cAMPY]
a5 Ao o35 T, §-2 &3/} a,-adrenoceptor &
HA ¢ methoxamine2 & AFHL Bl a,-adreno-
ceptor Ao 9% M TEE FElGA= cAMP F
w9 FHEE 22T £ AT

#2714 cholinergic 3= a,-adrenergic =& 3| A= 0
2 A 228 FE7t dAEYE BRoe gAY 2
A7) Ao e e F dedd QX Utk HEA
A % norepinephrineo] &} 3+ PI 7} &3]+ ¢;-adreno-cep-
torZ 7-5319", carbacholo] &3t PI 7} B8] HA] IP,
9} DAGY] A& 4 o71th, walA] o;-adrenoceptor 2}
2o} 9 M ZZE FEYdA} VB P EE
DAGZE F NEZHGHZE AH Edelx, A
JAH 27 PKC 489 274 ¢ B e

.,
3 32

A

- 716 -



HENME o] PKC AF2 HETY o|2AYAS W
FAA A whEE dehyy] g o] & 439 22
& a;-adrenoceptor A= A] PKC B4 3lo o3 ZAHd &
g ALY} o= o] 2 F o] A ME e BEAE
T8 AT EIPAE Na"H' 2@7]9 AAHZ Axy
pHE 7+4A1Z & v 28y} o] & methoxamined] T,
el JAETFE AP Rele] NaH 287 = e
drenoceptor A= 93 T, §8 JAETDY BAHol ¢
+& ¢ 4 URTH £33 Na' B2 AwhAl & TSHo| o3t
T, #EF AHAA d%& vAAE oy
Ca* E2 §A4A9 Bay K 8644 == M ¥ Ca¥ e =
7}A 91 cyclopiazoic acid= TSHe <% T, f-d 282
AR sk HEW C* FA} T, frEl 2 QM]?E} Aog
F28 £ %t o] C&* Frte F 7 AfraiM 9
og & Atk F, AlXY Ca™ XVJ}\ETH AZFYR
9 Ca* #Y7% % HET G BE2E JHT A
Ca™9] fredolt®. AT Ca™ AFL2HE ™ #
=P gaiM dopde & gEA EdT ol 2
7) Ca** F7h 9e] € 4 Qu 24H ) A4 G &
7te Ca B2E 3H8 G frgolgda Y.

ay-Adrenoceptor AF2 02 M F2E §27} oA
"Hohe Bavt g3 o] #4843 A2 P9 DAG 44
22 Ca™o] F7he ¥yt ol Ca™ Z7to] oA
FTEE B} 4AH 28 Ca¥ g 7M7) A23187)
JHAMNE T, F27t GA°H 7] i) M 228 2
A3 Cae YHH B0 LT 4 F U £ o,
adrenoceptor A}3¢f) 9§ Ca® Z7}7} nifedipine o 2 &}
B o} ME Ca” AALZRE fEd Holgx
oy, gt T, f8 9A71 Mo} DAG F7te 8
PKC 3437} AXW G AF22REY {28 G
o gt EHAAE dotH 7] A ryanodined] &
S #2A3 v} ryanodine T, 8] AAEZHE 2ehahx

284 ryanodined] §¥+2% 4 Q& AT Ca* AL
25 Trfﬂf‘l Cao) A T, 2 EH7t Gz
e F28 S AT 28U G B Z}D}Xﬂ‘” ni-
fedipines] o8 T, &8 JA L7} AFH ALt o=
PKCo| 938 Ca™ 22 gA43l9] dn=z ALy G &
o] F7FHOZH TSHe 9o T, fref7t AAES &
Zogth 2y 28 CG” 52 A9 verapamilo]
g AEHA| gob 1 AolHe MM RoR
B2 A7t Ao & 2102 AlR AT

Nifedipine 27+ o}y g} Na* £ 2 3 9A| 9 lidocaine 2
TTXd] ¢8| - % methoxamineo] &% T, S I &3}
b sl Na' 528 8 Na' £ T G~ ¢

o] TSHell &J& T, #2j7t AAE A2 225 9
WatE Na' 825 A R84 Ca'ol §49 7H54E ¢
i, PKC 48] ojsfA Na" F27} 8435 o] Na’
TYFTZ AXY Na'o] F7HE T AXU Na* Z7he
Na'-Ca™ L8718 A7) fEo] B3 HXu Ca*7}
Z7hd 4 Ak B Aol ME Na'-Ca™ 287 JA A
Ql benzamilo] A H A o2 T, fel& JA 3} o2 g
Ca™ Z7} A A4 ZEE Bul2 A 5 e R

2 FZ"th T3 benzamil® TSH, 8-Cl-cAMP ¥
IBMXef| 93 T, 21235 a,-adrenoceptor A} 1} 9
Tr*}?fP?ﬂ oA &} o] benzamil & Ca™ o} A ¥8 45

& oA, XY Ca"§ NP oz2M £2ES Z
7}4{1433_ Benzamil?] ©o]2{3 A E 37} nifedipine o
2 o Adso) Ca fEYAE A Ca¥ FE T,
FdE AT ¢ 4 Ut o} &= a,-adrenoceptor 2} 39
A% T, +2 JAA7E PKC &A1 5o o3 o]z
A WEe 23S ovgn

B AFATRE FE3Y, ai-Adrenoceptor7t 2} H
1P, DAG 44 2 DAGE PKCE @481 71L& 2 @
A QU o) &A4std PKC7E Ca™ 529 Na' B2
g ZAFANAOEZN A HEY Cao] F71aT.
w2t a-adrenoceptor®] Ab=oll o3& Toel HE] A7)
A& 4 A E PKC @40 o8l 7hd Ca™ of
ol ol AgadA fE G 9 A moe
Ca’* 525 AF8 G # Yol A F7tom, o] Ca
Z7H= Na™-Ca™ W&7|9) Ao o8t dojgd & )
=3

2 B

wAAe 7se 4 Axdgd &4zt 2383
(2nd messenger)S! cAMF 2} phosphatidylinositolol] ¢} 8} %
HEY op$29] H oA TSH 29 ¢ T,9 #
2]+ cathecholamineo] ]38} e,-adrenoceptorZ 7 &3} od
T, %8l & JAs o) & T, #ra] A Ex= PKC &
Bopl e Hez wAA gt B AE ks g
‘4ol A a-adrenoceptor ZF2oll 98+ T, F2l oA gk A
T of2& 2T ¢ Y& ol2xUALY BAE T

- 77 -



Btz A

Methoxamine®} R59022& TSH 2 cAMP 3o 23}
T.9 #e & AAAHL oed dA T PKC o
AIA QI staurosporinedf] oj&} A= o] T,o #& dA&
37t PKCE A#E 373U & &A8t om, T3 metho-
xamineol| 9|3 T, 2 9| & 7}7} nifedipine, TTX ¥ 1i-
docained]] M= A o} Na'-H® exchange in-
hibitorq] EIPA ¥ ryanodineo] oJsj A& sz &gt
ok TSH &At=fo] 93 T, f2le AEW Ca & F71A42
2+ 9l Bay K 8644 2 cyclopiazoic acidol] 2]&] oA
23, Na'-Ca™ 237] A A9 benzamilo} o # A% o
A5 9it}. TSH, IBMX, forskolin = cAMP #}2o] ] &
T, frelo] th%F methoxamine ¥ R590229] T, &2 <Al
23 nifedipined] o3 HEHUH E3 TSH 240
9] 3} benzamil ! R590222] oA & 3} & nifedipineo] 2] &}
AgE ot

ol el ZFE w229 A a-adrenoceptors
AFE T, v8 JAZTE nifedipine sensitivedt Ca™
channel®] 2t4o 93 Ca™9) % %7} D fast Na* chan-
nelE 253 Na* 99 98 2453, Na"-Ca® wg
7l dA A MW G Frhe B BEE fa
AAe| Fas 48e & 5 glh

go&s

1. Raspe E, Dumont JE. Control of the dog thyrocyte
plasma membrane iodide permeability by the Ca™-
phosphatidylinosito] and adenosine 3',5'-monophosphate
cascades. Endocrinology , 135:986-995, 1994,

2. Dumeont JE. The action of thyrotropin on thyroid meta-
bolism. Vitam Horm , 29:287-412, 1971.

3. Friedman Y, Poleck T, Henricks L, et a/. Diacylglycerol-
activated, calcium/phospholipid-dependent protein kinase
(protein kinase C) activity in bovine thyroid. Biochem
Biophys Res Commun , 130:971-980, 1985.

4. Gerard C, Haye B, Jacquemin C, et al. Chronic and
acute effects of thyrotropin on phosphatidylinositol
turnover in cultured porcine thyroid cell. Biochem
Biophys Acta , 710:359-369, 1982.

5. Corda D, Marcocci C, Kohn LD, et al. Association of

the changes in cytosolic Ca2+ and iodide efflux in-

10.

11.

12.

13.

14.

15.

- 718 -

duced by thyrotropin and by the stimulation of a,-a-
drenergic receptors in cultured rat thyroid cells. J Biol
Chem , 260:9230~9236, 1985.

. Raspe E, Roger PP, Dumont JE. Carbacholamine,

TRH, PGF,, and fluoride enhance free intracellular
Ca™ and Ca™ translocation in dog thyroid cells. Bio-
chem Biophys Res Commun , 141:569-577, 1986.

. Tajima K, Miyagawa J, Mori M, er al. Inophore A

23187 inhibits the release of thyrotropin-stimulated 3,
5,3"-triiodothyronine from perifused rat thyroid glands.
J Endocrinol Invest , 11:165-169, 1988.

. Oda Y, Tajima K, Mori-Tanaka M, et al. a,-Adrener-

gic regulation of thyrotropin-stimulated release of 3,5,
3'-triiodothyronine and thyroxine from perifused mouse
thyroid. J Endocrinol Invest , 14:867-873, 1991.

. Bjorkman U, Ekholm R. Accelerated exocytosis and

H,0, generation in isolated thyroid follicles enhance
protein iodination. Endocrinology , 122:488-494, 1988.
Lippes HA, Spaulding SW. Peroxide formation and
glucose oxidation in calf thyroid slices : Regulation
by protein kinase-C and cytosolic free calcium. En-
docrinology , 118:1306-1311, 1986.

Otani H, Otani H, Das DH. a,-Adrenoceptor-mediated
phosphoinositide breakdown and inotropic response in
rat left ventricular papillary muscle. Circ Res, 62:8-17,
1988.

Kim SG, Chang SE, Kim JS. The involvement of pro-
tein kinase C in the inhibitory effect of methoxamine
on the thyrotropin-induced release of thyroxine in
mouse thyroid. Korean J Vet Res , 36:59, 1996(abstract).
Iwakura K, Hori M, Watanabe Y, et al. a,-Adreno-
ceptor stimulation increases intracellular pH and Ca™
in cardiomyocytes through Na’/H' and Na'/Ca™ ex-
change. Eur J Pharmacol , 186:29-40, 1990.

Ollis CA, MacNeil S, Walker SW, et al. A possible
role for calmodulin in human thyroid cell metabolism.
J Endocr . 99:251-260, 1983.

Bone EA, Alling DW, Grollman EF. Norepinephrine
and thyroid-stimulating hormone induce inositol phos-
phate accumulation in FRTL-5 cells. Endocrinology,
119:2193-2200, 1986.



16.

17.

18.

19.

20.

2L

22.

23.

24,

Field JB, Ealey PA, Marshall NJ, et al. Thyroid stimu-
lating hormone stimulates increase in inositol phos-
phate as well as cyclic AMP in the FRTL-S rat thy-
roid cell line. Biochem J , 247:519-524, 1987.

Rani CSS, Shilling WP, Field JB. Intracelluar Ca®
mobilization by thyrotropin, carbachol, and adenosine
triphosphate in dog thyroid cells. Endocrinology , 125:
1889-1897, 1989.

Maayan ML, Volpert EM, From A. Acetylcholine and
norepinephrine : Compared actions on thyroid meta-
bolism. Endocrinology , 112:1358-1362, 1983.
Cochaux P, Van Sande J, Dumont JE. Negative con-
trol of norepinephrine on the thyroid cyclic AMP sys-
tem. Biochem Biophys Acta , 721:39-46, 1982,

Sherwin JR, Mills I. Epinephrine inhibits thyrotropin-
stimulated adenosine 3'.5'-monophosphate accumula-
tion in cat thyroid tissue. Endocrinology, 106:28-34,
1980.

Spaulding SW, Burrow GN. f-Adrenergic stimulation
of cyclic AMP and protein kinase activity in the thy-
roid. Natre , 254:347-349, 1975.

Corda D, Kohn LD. Phorbol myristate acetate inhibits
a,-adrenergically but not thyrotropin-regulated func-
tions in FRTL-5 rat thyroid cells. Endocrinology , 120:
1152-1160, 1987.

Berman MI, Jerdack G, Thomas Jr CG, et al. a-Adre-
nergic regulation of TSH-stimulated cyclic AMP accu-
mulation in rat thyroid cells. Arch Biochem Biophys ,
53:249-256, 1986.

Mills 1, Sherwin JR. A comparison of the mechanism
of a-adrenergic inhibition of thyrotropin-stimulated ade-
nosin 3',5-monophosphate in cat, rat, mouse, hamster,
beef, and pig tissues with the stimulatory effect of ep-
inephrine on beef thyroid iodination : Evidence for

multiple, species-specific adrenergic mechanisms. En-

25.

26.

27.

28.

29.

30.

31

32,

33.

- 719 -

docrinology , 116:1310-1315, 1985.

Unger I, Ketelbant P, Emeux C, et al. Mechanism of
cholinergic inhibition of dog thyroid secretion in vitro .
Endocrinology , 114:1266-1271, 1984.

Graff I, Mockel J, Laurent E, et al . Carbachol and so-
dium fluoride, but not TSH, stimulate the generation
of inositol phosphates in the dog thyroid. FEBS Lett,
210:204-210, 1987.

Berridge MG, Irvine RF. Inositol triphosphate, a novel
second messenger in cellular signal transduction. Na-
ture , 312:315-321, 1984.

Joseph SK, Tomas AP, Williams RJ, e al. myo-Ino-
sitol 1,4,5-trisphosphate : a second messenger for the
hormonal mobilization of intracellular Ca™ in liver. J
Biol Chem , 259:3077-3081, 1984.

Schulz 1. Messenger role of calcivm in function of pan-
creatic acinar cells. Am J Physiol, 239:G335-G347,
1980.

Rani CSS, Boyd I AE, Field JB. Effects of acetyl-
choline, TSH and other stimulators on intracellular cal-
cium concentration in dog thyroid cells. Biochem
Biophys Res Commun , 131:1041-1047, 1985.
Wacholtz-MC, Cragoe EJ Jr, Lipsky PE. Delineation
of the role of a Na"/Ca®™ exchanger in regulating in-
tracellular Ca® in T cells. Cell Immunol, 147:95-109,
1993.

Lee YS, Sayeed MM, Wurster RD. Intracellular Ca*
mediates the cytotoxicity induced by bepridil and ben-
zamil in human brain tumor cells. Cancer iett, 88:87-
91, 1995.

Brown L, Cragoe EJ Jr, Abel KC, et al. Amiloride
analogues induce responses in isolated rat cardiovas-
cular tissues by inhibition of Na'/Ca®™ exchange. Nau-
nyn Schmiedebergs Arch Pharmacol, 344:220-224,
1991.



